The transformed Eulerian-mean (TEM) equations are useful in examining how the generation and/or dissipation of atmospheric waves drives the mean meridional circulation. However, the TEM equations do not provide a three-dimensional view of the transport. Several previous studies extended the TEM equation system to three dimensions but usually under the quasi-geostrophic assumption, which excludes small-scale phenomena such as gravity waves. Miyahara recently derived three-dimensional wave activity flux and the corresponding residual circulation applicable to gravity waves. However, his formulation has two flaws. First, the three-dimensional residual mean circulation does not satisfy the continuity equation. Second, the Eulerian-mean flow appears in the advection terms and the residual circulation appears in the Coriolis force term of the zonal momentum equation, unlike in the TEM one. The present study developed theoretical formulae of a three-dimensional residual mean circulation and wave activity flux on the basis of primitive equations that overcome these flaws. It is confirmed that the three-dimensional residual mean circulation accords with the sum of the Eulerian time-mean flow and the Stokes drift and that the three-dimensional wave activity flux accords with the mean tangential forces across material surfaces corrugated by the waves under an assumption similar to the TEM equations. A simple physical meaning is given for the terms including the shear of time-mean flow in the three-dimensional wave activity flux. Moreover, the time mean tracer transport equation is derived using the three-dimensional residual mean circulation. A simple case study using the new formulae was made on the three-dimensional transport of stratospheric ozone in the Southern Hemisphere. It is shown that the product of the Coriolis parameter and the strong poleward/equatorward Stokes drifts also balances the divergence/convergence of the three-dimensional waveactivity flux.
Introduction
The transport of air parcels is described by the Lagrangian-mean flow instead of the Eulerianmean flow. Small-amplitude theory indicates that the Lagrangian-mean flow is expressed by the sum of the Eulerian-mean flow and Stokes drift. An-drews and McIntyre (1976, 1978) formulated the residual mean meridional circulation using the transformed Eulerian-mean (TEM) equations, which describe approximately the zonal-mean Lagrangian-mean flow, when transient and nonconservative e¤ects are ignored and waves are linear.
For the TEM equations, the residual mean meridional circulation is described as the flow driven by the wave-induced force in a steady-state limit (Haynes et al. 1991) . The wave-induced force is expressed as the divergence of the Eliassen-Palm (EP) flux. The EP flux divergence accords with the northward eddy flux of potential vorticity under the quasi-geostrophic approximation. Furthermore, the EP flux is equal to the product of the group velocity and the wave-activity density under the Wentzel-Kramers-Brillouin (WKB) approximation, which is a useful physical quantity describing wave propagation (Edmon et al. 1980) . The divergence of EP flux is zero for linear, steady, and conservative waves when there are no critical levels. In such a case, the waves neither drive the meridional circulation, nor accelerate the mean flow, which is called the nonacceleration theorem (Eliassen and Palm 1961; Charney and Drazin 1961) . The TEM equations describe how the generation and/or dissipation of atmospheric waves drives the residual mean circulation. However, the TEM equations do not depict the zonal transport and longitudinally dependent meridional circulation.
A lot of e¤orts have been made to generalize the TEM equations to three dimensions since the work of Andrews and McIntyre. Hoskins et al. (1983) , Trenberth (1986) , and Plumb (1986) extended the TEM equations to three dimensions using the time mean instead of the zonal mean. Hoskins et al. (1983) derived the three-dimensional wave activity flux on the basis of the horizontal-velocity correlation tensor. While successfully representing the interaction between time-mean flow and waves, their wave activity flux is not parallel to the group velocity vector of Rossby waves, unlike the EP flux. Trenberth (1986) derived the three-dimensional wave activity flux and the corresponding residual mean circulation by adding the zonal derivative of the perturbation kinetic energy to the zonal momentum equation and by adding the meridional derivative of the perturbation kinetic energy to the meridional momentum equation. His threedimensional wave activity flux is parallel to the horizontal group-velocity vector of Rossby waves only for the barotropic case. Moreover, the pressuregradient force appears in the three-dimensional residual mean circulation unlike the residual mean meridional circulation of TEM equations. Plumb (1986) derived a three-dimensional wave activity flux and the corresponding residual mean circulation from the potential vorticity conservation theorem. This three-dimensional wave activity flux is equal to the product of the group velocity and wave-activity density of Rossby waves, which is similar to the feature that the EP flux has under the quasi-geostrophic approximation. However, the Eulerian-mean flow appears in the advection term, and residual circulation appears in the Coriolis force term of the zonal momentum equation, unlike in the TEM equations. Plumb (1985) derived the three-dimensional wave activity flux applicable to quasi stationary disturbances. This formulation assumes that the background flow is zonally uniform. Nakamura (1997, 2001 ) derived the three-dimensional wave-activity flux and extended TEM equations applicable to the quasi-stationary disturbances in the zonally asymmetric flow by using the pseudo momentum and wave-energy conservation laws. Their flux can be calculated without using a time average to remove the phase structure.
All of these previous studies assumed the quasigeostrophic approximation. Thus, the formulations are applicable only to large-scale disturbances. On the other hand, recent studies have revealed that gravity waves play a primary role in driving the meridional circulation in the upper stratosphere and mesosphere (Garcia and Boville 1994; Plumb and Semeniuk 2003; Watanabe et al. 2008 ) and maintaining a weak mean wind layer in the midlatitude lower stratosphere (Palmer 1986; McFarlane 1987; Sato 1994) and around the mesopause (Lindzen 1981; Matsuno 1982; Tsuda et al. 1990; Sato et al. 2009a ). Thus, a formulation taking into account the e¤ect of small-scale disturbances such as gravity waves is needed for understanding the general circulation and three-dimensional structure of the atmosphere.
There is a meridional circulation called the Brewer-Dobson (BD) circulation in the stratosphere (Brewer 1949; Dobson 1956 ), which is driven by the wave-induced force associated with planetary and gravity waves propagating upward and baroclinic waves (Shepherd 2007) . Ozone molecules produced by photochemical processes in the tropical middle and upper stratosphere are transported poleward by the BD circulation. On the other hand, the distribution of total ozone shows a zonally asymmetric structure in middle and high latitudes. Wirth (1993) showed that the zonally asymmetric structure of total ozone accords well with the horizontal structure of quasi-stationary planetary waves with zonal wavenumbers 1 and 2. However, the e¤ects of the longitudinal dependence of the BD circulation on the ozone distribution have not been studied in the previous studies. It is also uncertain how much the small-scale disturbances a¤ect the horizontal distribution of total ozone. Recently, Sato et al. (2009b) showed that an increase in ozone significantly depends on longitude even in the dynamically stable polar vortex in spring by using data measured in 2003 from an ozonesonde observation made at Syowa Station and data obtained from satellite-onboard Improved Limb Atmospheric Spectrometer-II (ILAS-II). They indicated the importance of lateral transport depending on longitude from the backward trajectory and tracertracer correlation analysis. These previous studies suggest that the analysis of three-dimensional transport is needed to understand the three-dimensional distribution and time evolution of stratospheric ozone. Miyahara (2006) recently formulated the threedimensional wave activity flux and the corresponding residual circulation applicable to gravity waves in a Boussinesq fluid and a log-pressure coordinate system. It is shown that this three-dimensional wave-activity flux is equal to the product of the group velocity and wave-activity density of gravity waves under the WKB approximation and that the residual circulation is the sum of the mean flow and the Stokes drift under the same approximation. However, there are two flaws in the analysis of the transport of minor constituents such as ozone: first, the three-dimensional residual mean circulation derived by Miyahara (2006) does not satisfy the continuity equation, and second, both the Eulerianmean flow and residual circulation appear in the advection term of the zonal momentum equation, unlike in the TEM equations. Thus, the present study formulates the three-dimensional mean residual circulation and the corresponding wave-activity flux, which overcome the two flaws in Miyahara's formulation. The obtained three-dimensional residual mean circulation and wave activity flux are given their physical meanings.
In section 2, the new three-dimensional residual mean circulation and the corresponding waveactivity flux are derived. Section 3 shows that the three-dimensional residual mean circulation obtained in section 2 accords with the sum of the Eulerian-mean flow and Stokes drift. Section 4 gives a physical meaning for the derived threedimensional wave-activity flux. The time-mean tracer-transport equation is derived using the three-dimensional residual mean circulation and applied to a simple case study of ozone transport the using the CCSR/NIES CCM data in section 5. The concluding remarks are given in section 6.
Derivation of three-dimensional residual mean circulation and wave activity flux
Primitive equations in log-pressure coordinates and in Cartesian tangential plane consist of the equations of motion, hydrostatic relation, and continuity and thermodynamic equations as follows:
ð2:1aÞ
1cÞ where z is pressure height; u, v, and w are zonal, meridional, and vertical velocities, respectively; r 0 is basic density; F is the geopotential; f is the Coriolis parameter; y is potential temperature; H is the scale height; R is the gas constant; k expresses the ratio of R to specific heat at constant pressure; X and Y are unspecified horizontal friction and other nonconservative mechanical forcing; and Q is diabatic heating. Partial derivatives with respect to x, y, z, and t are denoted by su‰xes. Adding the equation of u times (2.1d) to (2.1a) gives
Each variable is separated into the time mean ( ) and the deviation from it ( 0 ). The momentum equations, continuity equation, and thermodynamic equation for the time-mean field are given by 
3bÞ 
By using the hydrostatic relation (2.1c) and static stability, the thermodynamic equation (2.3d) is expressed as follows: between kinetic and potential energies. This threedimensional residual mean circulation has the derivative of f À1 , which is di¤erent from that of Miyahara (2006) and similar to that of Plumb (1986) . The substitution of (2.5) into (2.3) yields
and
Here, f y S f in (2.6b) is a compromise to let the threedimensional residual mean circulation satisfy the continuity equation. However, this term was negligibly small for the preliminary case study in Section 5 (not shown). The thermodynamic equation (2.6c) is rewritten using the relation of 
The zonal components of three-dimensional wave activity flux F K1 1 ðF K11 ; F K12 ; F K13 Þ in (2.6a) are given by
and 
The three-dimensional wave-activity flux given by (2.8) and (2.9) is equal to the product of the group velocity and wave-activity density of gravity waves under the WKB limit, ignoring the terms including wind shear, similar to the wave-activity flux given by Miyahara (2006) . Under the quasi-geostrophic approximation, the terms including wind shear and vertical wind perturbation are ignored, and the three-dimensional wave activity flux accords with the flux of Plumb (1986) . Thus, F K1 is equal to the product of the group velocity and wave-activity density of Rossby waves in a zonally uniform mean flow, and the flux that is expressed as a combination of F K1 and F K2 is equal to a product of the group velocity and wave activity density of Rossby waves in the zonally varying mean flow under the WKB limit. It should be noted that the wave activity flux points to the direction opposite to the group velocity of Rossby waves, where pseudomomentum is taken as negative in our formulation because their intrinsic phase velocities are westward. The momentum advection in (2.6a, b) is expressed only by using the residual mean circulation, which is similar to the TEM equations and di¤erent from those of Plumb (1986) and Miyahara (2006) . Therefore, the obtained equations are regarded as a generalization of the TEM equations into three dimensions.
Three-dimensional residual mean circulation and Stokes drift
Miyahara (2006) showed that his threedimensional residual mean circulation is the sum of the Eulerian-mean flow and Stokes drift under the assumption that the derivatives of the intrinsic frequency, the Coriolis parameter, and mean wind shear are neglected. Our formulation can be obtained without the assumption given by Miyahara (2006) , similar to the TEM equations. In this section, we consider disturbances with small amplitudes in the basic state. Thus, all primed quantities will be taken to be OðaÞ, where a is a dimensionless amplitude parameter much less than 1. Moreover, it is assumed that the di¤erentiation of time-mean variables such as the shear of the basic state are OðaÞ and that the basic state satisfies geostrophic balance. For the disturbances, a form of plane sinusoidal wave is assumed:
where A 0 is the arbitrary perturbation; k, l, and m are zonal, meridional, and vertical wavenumbers, respectively; and o is the ground based angular frequency. Note that we do not assume geostrophic balance for the disturbances.
The Stokes drift is given in the following equations, when the fourth-and higher-order terms of a are neglected.
where, x 0 , h 0 , and z 0 are zonal, meridional, and vertical displacements of the air parcel, respectively. Their material derivatives are given as follows.
and The shear of vertical wind is neglected in (3.3) because the basic state is quasi-geostrophic. The following relation is obtained from (3.3) and the continuity equation and used in derivation of (3.2).
As is obvious from (3.3), the products 
Here, the first term on the right-hand side of the second line Dðx 0 h 0 Þ x is Oða 4 Þ, and hence, is neglected because the second-order di¤erentiation in terms of time and/or space of time-mean variables is Oða 2 Þ. Performing a similar transformation for ðx 0 w 0 Þ x and ðh 0 w 0 Þ y , (3.2) is expressed as follows.
Next, ðu 0 h 0 Þ is transformed using the following perturbation equations.
In the thermodynamic equation (3.7c), the thermal wind relation is assumed for the mean state.
For the log-pressure coordinates, the basic density is expressed as follows:
r 0 ðzÞ ¼ r s expðÀz=HÞ; ð3:9Þ where r s is the reference density. Substituting (3.1) and (3.9) into (3.7),
3) and (3.10) as
Similarly, S is expressed in terms of F 0 as follows:
Therefore,
The derivation of (3.11) and (3.12) is given in Appendix. Finally, z 0 is transformed using the thermodynamic equation. Equation (3.7c) is rewritten using the (3.3) as follows.
Here, it should be noted that the term f v z ðÀu x x 0 À u y h 0 À u z z 0 Þ and the term Àf u z ðÀv x x 0 À v y h 0 À v z z 0 Þ on the right-hand side in the second line are neglected because they are Oða 3 Þ and less than other terms.
Then, the following relation is obtained.
The substitution of (3.15) into (3.6) yields
where the terms including the shear of horizontal wind are neglected because their order is Oða 4 Þ. As a result, the Stokes drift is written as follows.
Thus, it is verified that the three-dimensional residual mean circulation (2.5) obtained in section 2 is equal to the sum of the time-mean flow and the Stokes drift (3.17).
Note that the assumption used to derive the Stokes drift formulae (3.17a-c) are summarized as follows.
Geostrophic balance holds for the basic flows. Wave amplitudes and the di¤erentiation of the time-mean variables are OðaÞ. The Oða 4 Þ and higher-order terms are neglected, The second-order di¤erentiation of time-mean variables is neglected.
4. Physical meaning of the three-dimensional wave activity flux 4.1 Three-dimensional wave activity flux and form drag Bretherton (1969) and Andrews and McIntyre (1976) showed that the form drag exerted on a corrugated material surface equals the EP flux associated with steady and conservative waves. In this section, it is demonstrated how the wave-activity flux obtained in section 2 is related to form drag.
The form drag exerted on material surface that is initially at a constant pressure and distorted by the waves, G K13 is given by
where p 0 is the pressure perturbation. G K13 corresponds to the zonal force across the material surface that is initially at a constant pressure. Note that the zonal derivative of the time-mean field is not always zero, unlike that of the zonal-mean field. However, for perturbations that are propagating sinusoidal waves and when the factor exp½z=2H is neglected, z 0 is orthogonal to p 0 . The time mean is also replaced with the average over wavelengths in the zonal direction, if the average is taken to over a su‰ciently long time to smooth the phase structure. Thus, we can ignore the zonal derivative of the time-mean field. By transforming p 0 to F 0 , the form drags (4.1) are shown as follows.
where G K11 and G K12 are interpreted as the zonal forces across a distorted material surface initially given by x and y ¼ constant, respectively. G K21 , G K22 , and G K23 correspond to the meridional forces across the distorted material surface. Next, using (3.7a) to eliminate F 0 , G K11 is expressed in the following form.
The first term on the right-hand side in the last line is identical to the components of the threedimensional wave-activity flux derived in section 2.4. The second term on the right-hand side in the last line represents the e¤ects of wave dissipation, excitation, and transience as discussed by Andrews and McIntyre (1976) . Similarly, G K12 and G K13 are written as
The meridional form drag, G K21 , G K22 , and G K23 , is also transformed using equation (3.7b) as follows.
Thus, the form drag accords with the threedimensional wave activity flux when the perturbations are propagating sinusoidal waves and the time mean is taken over a su‰ciently long time to neglect the terms including the material derivatives.
Physical meaning of the terms including wind
shear This section gives a physical interpretation of the terms depending on the shear of time-mean wind in the three-dimensional wave-activity flux. The flux component F K11 is rewritten using the parcel displacements as follows. The substitution of (4.6) into (4.5) yields
Similarly, F K12 and F K13 are expressed as follows: Here, the following relation is used for the derivation of (4.7b).
Equations (4.7a-c) indicate that the terms including the wind shear of time-mean wind in F K11 , F K12 , and F K13 correspond to the momentum flux associated with the wind perturbation induced by the parcel displacements in the time-mean flow with shear. A similar meaning is given for the shear-dependent terms in F K21 , F K22 , and F K23 (not shown in detail).
These discussions in sections 3 and 4 were made using the dispersion relation for gravity waves. For quasi geostrophic perturbations, a similar discussion can be made. The derivation is almost the same as that of Plumb (1986) , and hence, the details are not shown here.
Three-dimensional ozone transport
The seasonal variation and latitudinal distribution of zonal-mean ozone concentration are mainly explained by two-dimensional transport due to the residual mean meridional circulation of TEM equations. However, the TEM equations do not provide a three-dimensional view of transport and tracer distribution. Wirth (1993) showed that the zonally asymmetric distribution of total ozone (as called the ozone croissant) around the Antarctic ozone hole in October is caused by the quasi-stationary planetary waves with the lowest zonal wavenumbers. However, the three-dimensional ozone transport by the longitudinally dependent meridional and zonal circulation has not been examined in detail (Sato et al. 2009 ). In this section, the time-mean tracer transport equation is derived using the threedimensional residual mean circulation obtained in section 2. Moreover, by applying the tracer transport equation to the Chemistry Climate Model (CCM) data, a preliminary case study is made on three-dimensional ozone transport during austral spring to demonstrate the usefulness of the threedimensional residual mean circulation.
Derivation of the tracer transport equation
First, the conservation equation of the tracer mixing ratio is expressed as follows: By separating all variables into the time mean and departure from it, the time-mean equation for the tracer mixing ratio is given as follows:
Next, the substitution of the three-dimensional residual mean circulation defined in (2.5) into (5.3) yields the following time-mean tracer transport equation.
where M is the eddy flux vector (Andrews et al. 1987) , which is defined as
A similar tracer transport equation and eddytransport fluxes on the sphere can be obtained as follows.
; ð5:6cÞ
where l and f are longitude and latitude, respectively, and a is the Earth's radius. The threedimensional residual mean circulation appearing in (5.6) is given by
ð5:7cÞ which is the same as (2.5) but in spherical coordinates.
5.2 A case study on the ozone transport using data from a Chemistry Climate Model (CCM) Three-dimensional ozone transport is examined by applying the tracer transport equation (5.6) to the data from CCSR/NIES CCM, including meteorological fields (e.g., three-dimensional winds and temperature) and concentration of chemical constituents such as ozone. The dynamical and chemical consistency is guaranteed in the CCM, which is desirable for verifying the usefulness of the derived tracer transport equation and three-dimensional residual mean circulation.
a. Description of the model
The CCM is used to predict future climate change that strongly depends on the anthropogenic emissions of greenhouse gases and other pollutants and the internal variability, which is inherent in the atmosphere (Eyring et al. 2006 (Eyring et al. , 2007 . The CCM used in this study was developed by National Institute for Environmental Science (Akiyoshi et al. 2009) 
b. Meteorological field and ozone distribution
In this analysis, the low pass and high pass filters with cuto¤ periods of 60 days are applied to the CCM data to obtain the background and perturbation fields, respectively. The two years, 1992 and 2015, are chosen for the analysis as representative years with weak and strong activities of the high pass-filtered disturbances, respectively. Results are mainly shown for October 15 of the two years. Note that the low pass-filtered data on October 15 roughly corresponds to the data averaged for 30 days with the center at October 15 and that the residual mean circulation and wave activity flux are smoothed by using the same low pass filter.
Horizontal distributions of the low pass-filtered total ozone and geopotential height at 30 hPa, where the ozone mixing ratio is maximized in the vertical on October 15, 1992 and 2015 are shown in Fig. 1 . The ozone hole having total ozone less than 220 DU is situated over the Antarctic continent in both years. The region with a large geopotential height gradient corresponds to the location of the polar night jet having its axis around the geopotential height contour of 22,200 m. The ozone hole is located inside the polar vortex. On the other hand, an ozone-rich region (the ozone croissant) is seen outside the ozone hole in the longitude regions of 120 E-150 W in 1992 and 10 -160 E in 2015. The center of a closed geopotential height contour (23,700 m) in middle latitudes is located to the east of the center of a closed total ozone contour (400 DU) in both years. The anomalies of low passfiltered total ozone and geopotential height from their zonal means at 30 hPa are shown in Fig. 2 . A zonal wavenumber 1 structure is clear for both fields and in both years, which is similar to the results of Wirth (1993) . c. Momentum advection by the three-dimensional residual mean flows The time-mean zonal momentum equation (2.6a), in which all the terms except for the time derivative are put on the right-hand side, is written as
Horizontal maps of momentum advection by the zonal Àu x u Ã K , meridional ð f À u y Þv Ã K , and vertical components Àu z w Ã K of the residual mean flow at 30 hPa on October 15, 1992 and 2015 are shown in Fig. 3 . Compared with the momentum advection by the horizontal components of the residual mean flow, the advection by the vertical component is small (10% at the most).
Next, we examined the meridional component of the residual mean circulation in more detail. The residual mean circulation is divided into the Eulerian-mean flows and Stokes drifts. The top and middle panels of Fig. 4 show low pass-filtered Eulerian-mean meridional flows and meridional Stokes drifts calculated using (3.17b) at 30 hPa on October 15, 1992 and 2015, respectively. Note that the flows and drifts shown in Fig. 4 are multiplied by ð f À u y Þ for comparison with the pressure gradient force and the wave-activity flux divergence as shown later. The meridional flows have largescale structures with zonal wavenumbers 1-3 in both years. The magnitude of acceleration due to the Stokes drift in October 1992 is smaller than 32 ms À1 day À1 , which is weaker than the low-passfiltered meridional flow in most regions. On the other hand, the strong poleward Stokes drift appears in the region 70 -75 S and 120 -150 E and in the region 55 -65 S and 30 -75 W in October 2015. The strong equatorward Stokes drift is observed in the region of 65 -75 S and 0 -30 E and in the region 60 -75 S and 100 -150 W. It should be noted that the acceleration due to Stokes drift has an opposite sign to that of the Stokes drift because ð f À u y Þ is negative.
The zonal momentum advection by the low passfiltered Eulerian-mean meridional flows is mainly balanced by the pressure gradient forces in the zonal direction. The bottom panels of Fig. 4 show ageostrophic meridional flows multiplied by ð f À u y Þ i.e., ð f À u y Þv a 1 ð f À u y Þv À F x , at 30 hPa on October 15, 1992 and 2015. These flows correspond to the flows across the polar night jet. It is seen that ageostrophic meridional flows are inward from the polar night jet, which is located around the geopotential height contour of 22,200 m (Fig. 1) in the region 45 -75 S and 90 -180 W, and poleward in the region 60 -75 S and 30 -90 W in both years. Compared with the top panels of Fig. 3 , it is also seen that the distribution of ð f À u y Þv a is similar to that of Àu x u Ã K , though the signs are opposite. This feature indicates that the momentum advection by ageostrophic flows is mainly balanced by the centrifugal force. 
d. Wave characteristics related to the Stokes drift
In order to examine the cause of the strong Stokes drift in 2015, as shown in Fig. 4 , the threedimensional wave-activity flux derived in Section 2 is analyzed using the CCM data. Here, we used the three-dimensional wave-activity flux in spherical À8, 8, 16, 32, 64, 128 , and 256 ms À1 day À1 . The regions corresponding to less than À32 ms À1 day À1 are shaded, and the regions corresponding to more than 32 ms À1 day À1 are shaded dark. Note that one-tenth of the contour levels are used in the bottom panels. À64, À32, À16, À8, 8, 16, 32, 64, 128 , and 256 ms À1 day À1 . The regions corresponding to less than À32 ms À1 day À1 are shaded, and the regions corresponding to more than 32 ms À1 day À1 are shaded dark.
coordinates for the analysis:
9aÞ
ð5:9cÞ Figure 5 shows the divergence of the threedimensional wave-activity flux at 30 hPa on October 15, 2015. Compared to Fig. 4 , it is found that the distribution with ð f À u y Þv S is in good agreement with r À1 0 ð' Á F K1 Þ. Figure 6 shows the longitude-pressure section of three-dimensional wave-activity flux and its divergence at 65 S on October 15, 2015. Strong downward and eastward wave-activity flux is observed in the longitude region 0 -90 W at 20-100 hPa, which is likely to correspond to upward and westward Rossby wave propagation. Note that the wave-activity flux points to the direction opposite to the group velocity relative to the mean wind for Rossby waves. The strong wave-activity flux diverges in the longitude region 30 -75 W at 30 hPa. Figure 7 shows a horizontal map at 30 hPa and its longitude-altitude section at 65 S of the high pass-filtered meridional wind component on October 15, 2015. It is found that the strong meridional wind disturbance with a large zonal wavelength of approximately 7500 km is dominant in the longitude region of 0 -180 E at 10-100 hPa and the strong meridional wind disturbance with a relatively small-scale zonal wavelength of approximately 4700 km is dominant in the longitude region of 0 -90 W at 5-300 hPa. The latter region is in accordance with the region where the strong downward and eastward three-dimensional wave-activity flux seen in Fig. 6 . This disturbance propagates energy upward and eastward according to Fig. 6 and a Hovmö ller diagram of the meridional wind disturbance along 65 S at 30 hPa (not shown). Considering the e¤ect of strong mean zonal wind, the intrinsic group velocity of this disturbance points upward (A 3:0 Â 10 À3 ms À1 ) and westward (A 0.6 ms À1 ), which corresponds to the strong three-dimensional wave-activity flux as mentioned above.
e. Analysis of the three-dimensional ozone transport The three-dimensional ozone transport is examined using the time-mean tracer transport equation derived in section 5.1. Here, the following form of transport equation, in which all the terms except the time derivative are put on the right-hand side, is used. The tendency term of the low pass-filtered ozone mixing ratio on the left-hand side of (5.10) is small (20% at the most) during the analysis period (not shown). Thus, the three-dimensional ozone distribution roughly retains the balance of the three terms, i.e., (a) the ozone transport due to the threedimensional residual mean circulation, (b) the eddy-flux divergence due to resolved disturbances, and (c) the sum of chemical ozone production, loss, and turbulent di¤usion due to unresolved disturbances. Figure 8 shows the contributions of (a), (b), and (c) to the tendency of the ozone mixing ratio at 30 hPa in October 1992 and 2015. Contours of 220 DU total ozone represent the ozone hole boundary. The contribution of term (c) shown in Fig. 8 is estimated as the residual of the other terms in equation (5.10), including w t ; this contribution (c) cannot be evaluated directly. Top panels of Fig. 8 show ozone advection due to the three-dimensional residual mean circulation (5.10a). While the ozone advection due to the three-dimensional residual mean circulation had large positive and negative values mainly outside the ozone hole in 1992, it will be large both inside (0 -30 W and 150 -180 W) and outside (120 E-150 W) the ozone hole in 2015. The ozone advection is divided into horizontal and vertical ones as shown in Fig. 9 . In both years, the horizontal and vertical advection components roughly cancel out. However, it is seen for 2015 that the horizontal advection is large inside the ozone hole, while the vertical advection is observed mainly outside. It seems that the distribution of horizontal advection (right upper panel of Fig. 9 ) corresponds to the distribution of the divergence/convergence of the three-dimensional wave-activity flux (Fig. 5 ) in 2015.
Middle panels of Fig. 8 show eddy flux divergence (5.10b). The eddy flux divergence is large outside the ozone hole rather than inside in both years and is larger in 2015 when the perturbation kinetic energy is larger. The sign of the eddy-transport flux divergence tends to be opposite to that of the ozone advection, although its magnitude is smaller than that of ozone advection.
Bottom panels of Fig. 8 show chemical ozone production, loss, and subgrid-scale di¤usion (5.10c). While the contribution of term c has large positive and negative values mainly outside the ozone hole in 1992, it is large both inside (0 -30 W and 120 E-150 W) and outside (120 E-150 W) the ozone hole in 2015. The same analysis was made for N 2 O whose chemical production and loss are negligible in the stratosphere. The term (c) for N 2 O was large in the region similar to ozone. Thus, it is considered that the subgrid-scale di¤usion due to unresolved disturbances is dominant in (c) around that region.
Summary and concluding remarks
In this study, the three-dimensional residual mean circulation and the corresponding waveactivity flux that are applicable to gravity waves in the time-mean field were newly derived. The derived three-dimensional residual mean circulation satisfies the continuity equation. The momentum advection in the momentum equations is expressed by the residual circulation only, which is similar to that in the TEM equations. Thus, the theoretical formulation given in the present study is considered as a natural three-dimensional extension of the TEM equations.
Next, the physical meanings of the derived residual circulation and wave activity flux were examined. The three-dimensional residual mean circulation accords with the sum of the Eulerian-mean flow and the Stokes drift under the assumption that the basic flows satisfy geostrophic balance, wave amplitudes and di¤erentiation of the timemean variables are OðaÞ, and the Oða 4 Þ and higherorder terms are neglected. The three-dimensional wave-activity flux is interpreted as the form drag when the perturbations are propagating sinusoidal waves and the time-mean field is taken over a su‰-ciently long time to smooth the phase structure. In addition, it was shown that the shear-dependent terms in the wave-activity flux were interpreted as the momentum flux associated with the wind perturbation induced by the parcel displacements in the time-mean flow with shear.
The time-mean tracer transport equation was formulated using the derived three-dimensional residual mean circulation and used for the analysis of three-dimensional ozone transport in the CCM to demonstrate the usefulness of the formulae. It was considered that a product of ð f À u y Þ and the meridional ageostrophic flows balanced the magnitude of acceleration due to momentum advection by the zonal component of the residual mean circulation and that a product of ð f À u y Þ and the strong poleward/equatorward Stokes drifts also balanced the divergence/convergence of the threedimensional wave-activity flux. The wave-activity flux was likely due to upward and eastward propagating Rossby waves with approximately 4,700-km horizontal wavelength. The zonal di¤erence of ozone transport due to the three-dimensional residual mean circulation is shown. Further, it was found that the ozone transport was generally weaker inside the ozone hole than outside in October. However, the ozone transport is large even inside the ozone hole around the region where the activity of resolved disturbances is large. The eddy-flux divergence tends to cancel the ozone transport by the residual mean circulation. The subgrid-scale di¤usion due to unresolved disturbances also contributes to the time rate of change of the ozone mixing ratio around the region where the activity of resolved disturbances is large.
In our formulation, there are a few remaining issues. The term including S=f in the wave activity flux will diverge around the equator where f ! 0 unless S vanishes there. The inertia-gravity wave around the equator can be solved by using the L'Hospital's rule because S ! 0. The behavior of the term S=f around the equator needs to be examined for various types of waves, including equatorially trapped waves, using their dispersion and polarization relations. The generalized Eliassen-Palm theorem (Andrews and McIntyre 1978) should be extended to the three dimensions. By applying the formulae derived in the present study to data obtained from satellite observation and from a gravity wave-resolving global climate model, our knowledge on the three-dimensional aspects of tracer transport will be greatly improved.
Derivation of (3.11) From (3.10) and the assumption of the basic state, the perturbation winds u 0 and v 0 are written in terms of F 0 as
ðA:1aÞ and,
respectively, and the dispersion relation iŝ 
ðA:3Þ Derivation of (3.12)
From (A.1) and (A.2), u 02 , v 02 , and 
